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SUMMARY 

Microstructures  and  structural  development  with  heat  treatment  temperature 
HTT  (  -  1000  to-''3000  C)  of  carbon  fibers  from  pitch  (P),  rayon  (R),  polyacrylo¬ 
nitrile  (PAN)  and  pitch  mesophase  (PM)  were  characterized  by  diamagnetic  suscep¬ 
tibility  and  scanning  electron  microscopy,  and  the  dynamic  torsional  behavior 
(~1  Hz)  and  electrical  resistance  characteristics  of  individual  fibers  were 
surveyed.  Much  of  the  qualitative  behavior  is  common  to  fibers  from  all  precursor 
types  and  to  stratic  (hexagonal  layer)  carbon  materials  generally,  but  the  quanti¬ 
tative  property  levels  are,  of  course,  structure-sensitive. 

The  torsional  (longitudinal  shear)  modulus  is  much  lower  than  and  insensitive 
to  longitudinal  Young's  modulus.  It  depends  on  fiber  transverse  layer  orienta¬ 
tion  texture  and  precursor  type  in  general  agreement  with  anisotropic  elasticity 
considerations,  ranging  from  ^9  GPa  for  PM  fiber  with  a  radial  texture  component 
to~35  GPa  for  PAN  fiber  with  a  strongly  circumferential  texture.  Damping  (log 
decrement)  decreases  with  HTT<  2000  C  to  £  10"3,  and  is  amplitude  independent 
and  insensitive  to  measurement  temperature  in  the  range  -50  to  +50  C.  The  tor¬ 
sional  modulus  decreases  and  damping  increases  reversibly  and  approximately 
linearly  with  the  square  of  static  torsional  bias  strain.  This  effect  increases 
in  magnitude  with  longitudinal  layer  orientation  and  is  attributed  to  elastic 
decoupling  between  fiber  substructural  elements. 

The  electrical  resistivity  p  of  fibers  is  typically  about  one  milli-ohra-cm, 
but  ranges  with  precursor  type  and  HTT  about  an  order  of  magnitude  above  (low 
modulus  R,P)  and  below  (graphitized  PM)  this  value.  Layer  structure  development/ 
graphitization  and  longitudinal  orientation  contribute  about  equally  in  deter¬ 
mining  p.  Residual  nitrogen  defects  in  PAN,  which  strongly  influence  magnetic' 
behavior,  have  no  obvious  effect  on  resistivity;  but  fiber  p  rises  steeply  with 
decreasing  HTT<1200  C,  as  for  all  carbon  materials.  The  measurement  temperature 
dependence  was  characterized  by  the  temperature  coefficient  of  resistance  (0  to 
+50  C)  and  by  the  ratio  of  the  resistance  at  liquid  nitrogen  temperature  to  that 
at  0  C:  It  is  negative  for  all  fiber  types;  and  the  magnitude  decreases  to  a 
minimum  then  increases  toward  a  maximum  with  increasing  HTT  and  structural  per¬ 
fection.  This  behavior,  which  is  not  well  understood,  appears  to  be  common  to 
all  stratic  carbons  (with  sufficient  structural  development,  as  in  graphitized 
pyrocarbons,  the  sign  reverses  to  positive).  The  tensile  piezoresistance 
behavior  is  reversible  at  low  strains  and  typically  positive  and  approximately 
linear  for  most  fibers,  but  it  decreases  with  increasing  structural  perfection 
and  abruptly  becomes  negative  at  low  strain  levels  in  high  modulus  fibers 
(especially  PM).  In  general,  the  piezoresistance  may  be  modeled  phenomenologi¬ 
cally  as  the  sum  of  positive  and  negative  components.  Analysis  of  possible 
contributing  mechanisms  suggests  that  positve  geometrical  effects  (elongation 
plus  transverse  Poisson's  contraction)  may  combine  with  the  negative  influence 
of  stress-induced  layer  orientation  in  low  to  medium  modulus  fibers.  However, 
these  mechanisms  must  diminish  in  importance  with  increasing  structural  aniso¬ 
tropy  and  preferential  conduction  along  the  layers.  The  net  negative  effects 
in  highly  oriented  fibers  may  result  from  carrier  mobility  increase  (e.g., 
reduced  scattering  resulting  from  layer  unwrinkling).  Opening  of  internal 
contacts  can  cause  the  positive  upturn  that  often  precedes  failure,  and  may 
contribute  at  lower  strains  as  well. 
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Microstructures  and  structural  development  with  heat  treatment  of  carbon  fibers 
from  pitch,  rayon,  polyacrylonitrile  and  pitch  mesophase  were  characterized  by 
diamagnetic  susceptibility  and  SEM;  and  the  dynamic  torsional  behavior  (modulus, 
damping  at  about  1  Hz)  and  electrical  resistance  properties  (resistivity,  tempera¬ 
ture  dependence,  piezoresistance)  of  individual  fibers  were  measured  and  compared. 
A  survey  of  the  structure-dependence  of  the  fiber  properties  revealed  similarities 
that  appear  to  be  conuion  to  all  stratic  (hexagonal  layer)  carbon  materials,  as  wel 
as  characteristic  differences  associated  with  fiber  precursor  type  and  processing 
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INTRODUCTION 


Carbon  fibers  have,  been  the  subject  of  extensive  development  and  research 
effort  for  about  the  last  15  years.  The  primary  source  of  this  interest  is,  of 
course,  the  excellent  specific  mechanical  properties  that  can  be  achieved,  and 
their  application  in  high  performance  composite  materials.  Consequently,  fiber 
properties  and  their  dependence  on  microstructure,  as  influenced  by  precursor 
(raw  material)  type  and  processing,  have  considerable  engineering  relevance. 

In  addition  to  this  strong  practical  importance,  fibers  are  very  interesting 
research  materials  for  investigating  fundamental  structure/property  character¬ 
istics  of  carbons  and  graphites,  for  they  are  immediate  members  of  the  same 
stratic  (hexagonal  layer)  carbon  family  that  includes  the  common  "bulk"  forms 
(electrographites,  pyrocarbons,  glassy  carbons,  etc.). 

On  one  hand,  fibers  exhibit  some  special  characteristics,  associated  with 
their  fibrous  form  and  their  processing  to  produce  high  axial  property  levels, 
that  are  not  generally  found  in  bulk  materials:  In  particular-,  microstructures 
combining  a  very  high  degree  of  uniaxial  layer  orientation  with  small  apparent 
layer  size  and  little  or  no  three-dimensional  crystallinity  (layer  stacking 
order)  are  common;  and  a  variety  of  transverse  orientation  textures  (random, 
radial,  circumferential)  can  be  obtained.  The  fiber  form  is  also  convenient 
for  many  physical  mesurements,  even  though  the  required  micro-manipulation 
techniques  are  tedious.  On  the  other  hand,  fibers  are  available  (either  com¬ 
mercially  or  as  laboratory  preparations)  representing  all  three  of  the  major 
categories  of  carbon  materials  classified  according  to  precursor  type  and  pyro¬ 
lysis  behavior:  Graphitizable  mesophase  carbons  (fibers  from  pitch  mesophase*, 
needle  cokes,  pitch  binder  carbon,  etc.);  difficult-to-graphitize  polymeric 
carbons  (fibers  from  pitch,  rayon,  polyacrylonitrile;  glassy  carbons,  chars,  etc.); 
and  CVD/vapor- grown  carbons  (graphite  whiskers  and  vapor-grown  fibers',  pyrocarbons). 
Thus,  the  study  of  fibers  can  conti bute  to  fundamental  understanding  of  a  broad 
range  of  bulk  carbon  materials  as  well  as  an  increased  scientific  basis  for 
fiber  production  and  application. 

The  research  accomplished  under  this  grant  has  focussed  on  the  investigation 
.  of  several  carefully  selected  structure-sensitive  properties  and  their  relation¬ 
ship  to  fiber  microstructure.  The  properties  studied  —  torsional  mechanical 
behavior,  electrical  resistance  characteristics  and  diamagnetic  susceptibility  — 
were  chosen  on  the  basis  of  the  relatively  small  amount  of  information  available 
on  them  and  the  promise  that  they  could  provide  valuable  insights  into  the 
nature  of  carbon  fibers.  The  torsional  (longitudinal  shear)  and  electrical 
properties  also  have  direct  applications  relevance.  Fibers  from  pitch  mesophase 
(PM)  were  of  particular  interest  because  little  was  known  about  the  behavior  of 
this  most  recently  developed  member  of  the  carbon  fiber  family  and  their  micro¬ 
structures  differ  significantly  from  those  of  the  more  common  fiber  types. 
Representatives  of  the  more  familiar  fibers  made  from  isotropic  pitch  (P), 
rayon  (R)  and  polyacrylonitrile  (PAN)  were  also  studied  to  provide  a  variety  of 
microstructural  types  and  to  make  the  investigation  more  complete  with  regard  to 
commercially  important  materials.  Vapor-grown  fibers  were  not  studied.  Iso¬ 
chronal  (30  min)  heat  treatments  at  temperatures  (HTT)  ranging  from  £  1000  to 
**3000  C  were  used  to  induce  structural  evolution. 

The  philosophy  adopted  was  to  survey  a  wide  range  of  fiber  structures  with 
the  same  apparatus  and  techniques,  thereby  facilitating  comparisons  and  mini¬ 
mizing  the  influence  of  possible  systematic  errors.  Reasonable  precautions 
were  taken  to  ensure  measurement  accuracy,  but  no  attempt  was  made  to  accumulate 
statistically  meaningful  bodies  of  data  on  particular  fiber  types  or  processing 
variations.  The  objective  was  to  determine  the  general  patterns  of  behavior  and 
their  relation  to  structure;  and  there  was  no  emphasis  on  cataloging  behavior 
anomalies. 
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This  grant  supported  the*  Ph.Q.  dissertations  of  S.  Srinivasagopalan  [1] 
and  K.  Komaki  [2 J,  and  resulted  in  three  senior-project  theses  [3-5],  five 
papers  published  in  conference  proceedings  [6-10]  and  two  journal  publica¬ 
tions  [11,12].  Eight  oral  presentations  were  made  at  technical  conferences, 
and  several  additional  publications  are  anticipated.  The  major  results  are 
reviewed  and  summarized  below  with  particular  attention  to  material  not  yet 
published. 


STRUCTURAL  CHARACTERIZATION 

Oebye-Scherrer  X-ray  diffraction  films  and  optical  microscopy  generally 
confirmed  information  available  from  the  literature.  More  revealing  insights 
were  provided  by  scanning  electron  microscopy  (SEM)  and  diamagnetic  suscepti¬ 
bility  measurements. 
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Fig  i.  Scanning  eloctron  micrographs  of  fiber  transverse  fracture  surfaces 
a)  Cuc-'u.-ed  PAN  , '"-4,7.1,  jncoated);  b)  highly  hot-st retch»*a  rayon  (T-10C); 

c)  h :  on  mini.'.  P/g  v/i‘h  cir<  umtyrent  i  al  structure  (Court.iuMs  MM-S,.*-  1  °f  0 ) 

d)  s  ■  \  •  030  !'.*•  with  rni.il  i.or;,iO!’*'nf  'Unon  La’bHe,  F'rr'tiO  Gl’a'. 
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Information  about  fiber  microstructures  as  well  as  cross  section  shape 
and  size  may  be  obtained  from  SEM  of  transverse  fracture  surfaces  [1,7,10-12]. 
Image  definition  is  often  poor  and  charging  effects  are  sometimes  bothersome 
for  bare  (uncoated)  fibers.  Thin  evaporated  or  sputtered  Pd  or  Au  coatings 
greatly  improve  image  quality  by  increasing  secondary  electron  emission  and 
reducing  charging.  However,  coating  often  produces  fine  nodular  (a  few  hundred 
nm  diameter)  artifact  textures  on  the  fracture  surfaces,  and  these  must  not  be 
confused  with  the  true  substructure  of  the  carbon.  In  general,  the  fracture 
surfaces  of  carbonized  fibers  from  all  precursors  are  quite  smooth  in  appear¬ 
ance  and  the  only  prominent  features  are  fractographic  in  origin.  This  is 
illustrated  by  the  uncoated  medium-modulus  (  230  GPa)  PAN  fiber  shown  in  Fig. la. 
However.,  in  fibers  from  rayon  and  PAN  there  is  often  a  suggestion  of  a  very 
fine  granular  texture  that  becomes  more  clearly  defined  after  processing  to 
high  heat  treatment  temperatures  (HTT)  or  hot-stretching  and  has  often  been 
cited  as  evidence  of  a  fibrillar  substructure.  The  highly  hot-stretched  rayon 
fiber  (E  =  680  GPa)  shown  in  Fig.  lb  exhibits  such  fibrillar  features  (''80  nm 
diameter)  in  the  core,  as  well  as  a  surface  sheath  about  120  nm  thick  with 
unresolved  structure.  The  somewhat  coarser  granularity  on  the  type  I  PAN  fiber 
fracture  in  Fig.  lc  is  probably  a  coating  artifact,  but  it  “decorates"  an 
unusually  extensive  circumferential  layer  texture.  In  contrast,  the  fracture 
textures  of  PM  fibers  (HTT£l500  C)  are  obviously  and  rather  coarsely  laminar 
and  graphitic,  commonly  consisting  of  crinkled  layer  packets  £100  nm  thick  and 
2  500  nm  wide.  This  is  illustrated  in  Fig.  Id  (HTM800  C)  which  shows  a 
"random"  scroll  texture  in  the  center  and  a  radial  orientation  in  the  outer 
portions.  In  strongly  radial  PM  fibers  with  missing-wedge  cracks  extending  to 
the  center  of  the  cross  section,  the  average  wedge  angle  increases  with  HTT 
(e.g.t  from £.90  deg  for  HTT~1000  to^;180  deg  for^2500  C)  [4].  At  HTT5  2200  C, 
PM  fibers  graphitize,  and  the  fracture  surfaces  become  rougher  due  to  increased 
longitudinal  (interlaminar)  splitting.  No  evidence  of  surface  sheaths  was 
detected  in  SEM  observations  on  PAN  or  PM  fibers. 

The  diamagnetic  mass  susceptibility,  measured  in  the  axial  (X^)  and  radial 
(Xr)  directions  on  small  bundles  of  parallel  fibers,  provides  qualitative  infor¬ 
mation  about  layer-structure  development  and  semi -quantitative  data  on  axial 
layer  preferred  orientation  [3,10,11,13].  A  "crystal  1  ini ty"/texture  diagram 
[10,14,15]  is  generated  by  plotting  Xr  against  X/\  as  shown  in  Fig.  2a.  Layer 
size  and  perfection,  measured  by  the  tensor  trace  (Xy  =  X/\  +  2Xr  =  Xc  +  2Xa 
where  Xa,  Xc  are  the  "crystallite"  susceptibilities  parallel  and  perpendicular 
respectively  to  the  layers)  increases  radially  outward  from  the  origin  in  the 
absence  of  stacking  order;  the  development  of  layer  stacking  order  causes  dis¬ 
placement  toward  the  origin  when  layer  size  is  sufficiently  large  (graphitization 
is  often  signalled  by  a  Xj  maximum).  The  dashed  "crystalline  hexagonal  graphite" 
boundary  at  Xj=22  is  one  of  an  infinite  family  of  parallel  iso-Xj  lines.  Axial 
orientation  texture  (Rz  =  s1n2<f>  where  $  is  the  angle  between  the  fiber  axis  z 
and  the  crystallite  c  axes)  increases  counterclockwise.  Quantitative  orientation 
values  depend  on  the  assumptions  that  the  structure  is  homogeneous  and  the  struc¬ 
ture  sensitivity  of  the  diamagnetism  resides  entirely  in  Xc.  The  arrows  on  the 
data  curves  indicate  increasing  HTT  (typically  over  the  range  1000  to  3000  C). 

The  magnetically-inferred  structural  development  in  fibers  from  P  and  R  is 
very  similar  to  that  of  glassy  carbons.  They  are  non-graphitizing,  and  P  fibers 
remain  isotropic,  but  a  little  anisotropy  develops  in  R  fibers.  Hot-stretching 
(H-S)  greatly  increases  the  orientation  texture  (and  hence  E)  of  these  fibers 
and  also  improves  the  effective  layer  size/perfection  without  generating  stacking 
order.  The  fibers  from  PM  are  very  anisotropic,  and  both  structural  perfection 
and  orientation  increase  rapidly  with  HTT  (>1600  C  for  the  data  shown).  Xj 
passes  thru  a  maximum  near  HTT^2300  C,  indicating  the  onset  of  stacking  order 
(confirmed  by  XRD).  Residual  nitrogen  defects,  which  anneal  at  HTT4-1800  C, 
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Fig. 2.  a)  Diamagnetic  susceptibility  crystallinity/texture  diagram  for 
fibers  from  pitch  mesophase,  PAN,  rayon  and  pitch.  Arrows  show  direction 
of  increasing  heat  treatment;  solid  points  indicate  hot-stretched, 
b)  Magnetic  anisotropy  ratio  as  a  function  of  nominal  Young's  modulus  for 
as-processed  fibers. 

quench  the  diamagnetism  in  carbonized  fibers  from  PAN  and  the  low  HTT  data  points 
fall  outside  the  valid  region  of  the  diagram.  Defect  annealing  and  layer  struc¬ 
ture  development  is  very  similar  for  PAN  fibers  from  different  sources;  Xj 
approaches  a  maximum  at  the  highest  HTT,  indicating  incipient  graphitization 
(little  or  no  evidence  of  stacking  order  is  found  by  XRD) .  The  anisotropy, 
which  is  lower  than  that  of  PM  fibers,  increases  with  HTT?  2400  C  but  the  magni¬ 
tudes  depend  on  fiber  source,  evidently  as  a  result  of  differences  in  precursor, 
stabilization  or  carbonization  processing.  The  data  in  Fig.  2a  are  for  a  low- 
anisotropy  PAN  (Hercules  A-S);  the  path  of  high  anisotropy  fiber  (Union  Carbide 
T-400)  lies  close  to  the  PM  path,  crossing  it  at  both  low  and  high  HTT. 

When  the  anisotropy  ratio  Xr/Xa  (another  measure  of  preferred  orientation) 
is  plotted  against  axial  Young's  modulus,  as  shov/n  in  Fig.  2b  for  as-received 
fibers,  it  is  evident  that  the  degree  of  orientation  required  for  a  given  modulus 
value  generally  increases  in  the  order  PAN,  hot-stretched  R  and  P,  PM.  This  may 
be  attributed  to  an  effective  interlayer  shear  compliance  that  increases  in  the 
same  order  and  acts  to  "short  circuit"  the  very  low  in-plane  compliance.  On  the 
basis  of  graphitizability,  one  might  expect  the  ranking  of  PAN  and  R,P  to  be 
reversed.  Apparently,  the  hot-stretching  required  to  achieve  high  orientation  in 
the  latter  acts  to  reduce  inherent  morphological  constraints  (such  as  layer- 
ribbon  intertwining)  that  inhibit  shear  in  difficult-to-graphitize  carbons.  This 
interpretation  is  consistent  with  the  torsional  results  described  below  that  show 
that  the  longitudinal  shear  modulus  increases  in  the  PM,  R,  P.  PAN.  It  may  prove 
more  difficult  to  achieve  consistent  high  strength  levels  in  the  graphitizable  PM 
fibers  because  of  their  higher  intrinsic  shear  compliance;  large  stress  concen¬ 
trations  can  build  up  at  the  boundaries  of  misoriented  regions. 

DYNAMIC  TORSIONAL  MODULUS  AND  DAMPING 

Prior  to  the  initiation  of  this  grant,  vacuum  double-ended  torsion  pendulum 
techniques  for  room  temperature  measurements  at^l  Hz  and  very  low  dynamic  sur¬ 
face  shear  strains  (^10"5)  on  single  carbon  fibers  under  adjustable  static  tensile 
stress  and/or  torsional  bias  strain  were  developed  here  and  used  to  survey  the 
torsional  behavior  of  as-received  commercial  fibers  from  P,  R  and  PAN  [16-18]. 
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A  residual  pressure  of*,10"3  Pa  is  required  to  reduce  the  gas  damping  back¬ 
ground  to  an  acceptable  level.  Fused  silica  fiber  was  used  as  an  isotropic 
elastic  reference  material.  During  the  tenure  of  the  present  grant,  the  equip¬ 
ment  was  modified  to  improve  frequency  measurement  precision,  new  apparatus  was 
built  to  investigate  the  dependence  of  the  torsional  modulus  6  and  the  damping 
(logarithmic  decrement,  6)  on  measurement  temperature,  the  study  was  extended  to 
pitch  mesophase  fibers  and  to  the  influence  of  HTT  on  the  characteristics  of  all 
carbon  fiber  types,  and  the  application  of  anisotropic  elastic  theory  to  inter¬ 
pretation  of  the  results  was  explored  [1,7].  Perhaps  the  most  surprising  of 
several  unanticipated  results  was  the  discovery  that  the  torsional  behavior  of 
PM  fibers  is  quite  similar  to  that  of  other  carbon  fiber  types,  despite  the  very 
significant  differences  in  microstructure  and  graphitizability.  The  apparent 
G  value  (proportional  to  the  square  of  the  frequency)  increases  with  static  ten¬ 
sile  stress  (a  solid  mechanics  effect  resulting  from  the  additional  unwinding 
torques)  but  damping  is  generally  unaffected.  Static  torsional  bias  strain  pro¬ 
duces  very  interesting  effects,  discussed  later,  that  are  attributed  to  decoupling 
between  fiber  substructure  elements. 


Fig.  3.  a)  Torsional  modulus  G  (linear  scale)  and  b)  log  decrement  6 
(log  scale)  plotted  against  fiber  tensile  modulus  E. 

Representative  data  for  G  and  6,  extrapolated  to  zero  static  strain,  are 
plotted  against  Young's  modulus  as  a  dsiplay  parameter  in  Fig.  3a, b.  The  maximum 
processing  temperatures  for  these  fibers  range  from  ~  1000  to  >  2700  C.  Fiber  G 
values  are  low  (9  to  35  GPa,  much  smaller  than  E)  and  generally  insensitive  to  E; 
but  there  is  a  correlation  with  fiber  type  (G  increases  in  the  order  PM,  R,  P, 
PAN),  and  a  fairly  wide  range  of  values  (18-35  GPa)  occurs  in  fibers  from  PAN. 
Damping  is  typically  low  (6^10"3)  except  for  carbonized  R  and  some  medium-E 
carbonized  PAN  where  it  can  be  an  order  of  magnitude  higher,  and  it  is  indepen¬ 
dent  of  strain  amplitude  at  the  low  dynamic  measurement  levels  used. 

Several  factors  in  addition  to  precursor  type  contribute  to  the  observed 
data  spread:  G  values  were  computed  from  measured  parameters  (frequency,  fiber 
length  and  cross  section  area,  bob  moment  of  inertia)  and  there  is  an  estimated 
uncertainty  in  absolute  value  of *15  %  for  circular  section  fibers  (P,PM,  PAN) 
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due  mainly  to  uncertainties  in  area  determination.  For  the  irregularly  shaped 
rayon  fibers  (cf  Fig.  lb),  G  was  computed  from  the  equivalent  circular  area  and 
there  is  an  additional  systematic  underestimation  of  uncertain  magnitude.  From 
this  it  is  concluded  that  the  true  shear  modulus  of  R  is  definitely  higher  than 
that  of  PM.  The  torsional  behavior  is  dominated,  of  course,  by  the  properties  of 
the  material  near  the  fiber  surface.  The  increase  in  G  and  6  in  highly  hot- 
stretched  R  may  be  associated  with  the  formation  of  a  surface  sheath  (Fig.  lb). 
Because  of  the  elastic  anisotropy  of  graphite,  layer  orientation  texture  plays  a 
very  strong  role  in  determining  the  fiber  moduli:  As  is  well  known,  the  tensile 
modulus  depends  primarily  on  the  degree  of  axial  orientation.  Similarly,  the 
torsional  modulus  depends  on  the  transverse  orientation  texture  [1,7,12].  The 
lowest  G  value  was  obtained  for  the  PM  fiber  with  appreciable  radial  orientation 
(Fig.  Id)  where  the  large  interlayer  shear  compliance  dominates  the  behavior. 

The  highest  G  value  occurred  in  the  PAN  fiber  with  the  pronounced  circumferential 
texture  (Fig.  lc);  here  the  very  much  lower  intralayer  shear  compliance  would  be 
determining  if  the  layer  shells  were  continuous.  The  fibers  with  intermediate  G 
values  have  more  random  transverse  textures. 


Fig.  4.  Influence  of  heat  treatment  temperature  on  a)  torsional  modulus 
(linear  scale)  and  b)  damping  (log  scale). 

Some  results  on  the  effect  of  isochronal  (30  min)  HTT  on  G  and  6  are  shown 
in  Fig.  4a, b.  For  all  fiber  types,  high  damping  values  anneal  in  the  range 
<2000  C  while  the  6  of  low-loss  fibers  is  unaffected.  This  indicates  a  dependence 
of  6  on  point  or  other  localized  defects  that  anneal  readily.  The  effect  of  HTT 
on  G  is  more  varied  and  complex:  The  small  maximum  near  1300  C  for  Hercules 
A-S  confirms  results  obtained  elsewhere  [19]  on  similar  (British  precursor)  fibers. 
However,  this  behavior  is  evidently  not  a  universal  characteristic  of  PAN  since 
T-400  (Japanese  precursor)  does  not  show  it.  For  low-E  rayon  (Union  Carbide 
T-ll),  G  decreases  in  the£1500  C  range  as  6  decreases,  but  tends  to  increase 
again  at  high  HTT;  and  there  is  evidence  of  similar  behavior  in  pitch  (Kreha) 


and  pitch  mesophase.  Published  information  on  temperature-dependent  damping 
effects  in  carbon  materials  is  both  sparse  and  confused,  but  there  is  evidence 
that  damping  maxima  can  occur  in  bulk  carbons  and  perhaps  in  fibers.  However, 
no  appreciate  variation  in  fiber  G  or  6  were  found  here  over  the  measurement 
range  from  about  -50  to  +50  C.  Investigation  over  a  broader  range  was  prevented 
at  higher  temperatures  by  the  intrusion  of  large  glass  transition  effects  (6  in¬ 
crease  and  G  decrease)  in  the  epoxy  cement  used  to  attach  the  fibers,  and  at 
both  ends  of  the  range  by  large  temperature  gradients  resulting  from  poor  heat 
transfer  in  the  vacuum  apparatus. 


Fig.  5.  Fractional  increase  in  damping  and  decrease  in  torsional  modulus 
with  the  square  of  the  static  bias  shear  strain  y  (open  symbols,  increasing; 
solid,  decreasing  y).  E  in  GPa  and  HTT  in  100  C  in  parentheses. 

When  carbon  fibers  are  subjected  to  large  static  torsional  bias  strains  y 
the  torsional  modulus  decreases  and  damping  increases  approximately  linearly  with 
yz  as  shown  in  Fig.  5.  These  effects  are  substantially  reversible  (no  residual 
change  in  G;  residual  6  increases  are  small  and  decay  with  time  after  unloading) 
and  increase  in  magnitude  with  increasing  HTT  (or  hot  stretching)  in  all  types 


of  carbon  fibers;  but  they  do  not  occur  in  silica  fibers  (isotropic  elastic 
theory  predicts  a  very  small  G  increase  which  was  not  observed).  These  phenomena 
are  attributed  to  elastic  decoupling  between  fibrillar  (or  other)  substructural 
units  in  the  carbon  fibers.  By  analogy  with  the  characteristics  of  mult-strand 
torsional  suspensions,  it  was  inferred  that  coupling  is  relatively  tight  and  the 
amount  of  decoupling  required  to  produce  the  observed  effects  is  small.  Further¬ 
more,  the  apparent  insensitivity  of  these  phenomena  to  significant  microstructural 
differences  may  be  rationalized  since  similar  characteristics  may  be  obtained 
with  a  large  number  of  small,  high  G  stands  (R,PAN)  or  a  smaller  number  of  larger 
strands  with  lower  G  values  (PH)  [7]. 

'  '  ELECTRICAL  RESISTANCE  BEHAVIOR 

One  of  the  initial  objectives  of  this  grant  was  to  study  the  influence  of 
mechanical  stress  on  the  electrical  resistance  (i.e.,  the  piezoresistance)  of 
carbon  fibers.  In  the  course  of  these  studies  considerable  information  was  ob¬ 
tained  on  the  resistivity  and  on  the  temperature  dependence  of  resistance  as  well. 

Interest  in  carbon  fiber  resistance  characteristics  has  greatly  increased 
since  the  initiation  of  this  project  because  of  the  recognition  that  serious 
hazards  can  result  from  the  infiltration  of  dispersed  fibers  into  electrical 
apparatus  [20].  Our  results  show  that  fiber  resistances  range  from  2 12  to6  0.2 
k-ohm/cm  depending  of  diameter,  precursor  type  and  process ing/HTT.  However, 
the  development  of  the  resistivity  p  with  HTT  is  very  similar  to  that  in  bulk 
carbons  with  comparable  structures  and  there  are  few  surprises  in  this  aspect. 

The  p  values  of  fibers  processed  between  ^1000  and  3000  C  range  over  about  two 
orders  of  magnitude  (0.1  to  10  milli  ohm-cm),  bounded  by  isotropic,  hard-to- 
graphitize  pitch  fibers  (like  glassy  carbon)  at  the  top  and  by  anisotropic, 
graphitizable  pitch  mesophase  fibers  (somewhat  higher  than  pyrographite)  at  the 
bottom.  The  parallel-to-layer  resistivity  of  single  crystal  graphite  is  0.04 
milli  ohm-cm.  Following  a  large  and  precipitous  drop  in  the  <1200  C  HTT  range, 
representing  the  insulator/conductor  transition  associated  with  carbonization, 
p  levels  out  (Pfiber,  glassy  carbon),  or  decreases  further  as  defects  anneal  and 
orientation  texture  increases  (R,  PAN,  PH  fibers  and  pyrocarbons)  and  stacking 
order  develops  (PM  fiber,  electrographite,  pyrocarbon).  Layer  structure  devel¬ 
opment  and  orientation  texture  have  roughly  equal  influence  in  determing  p. 
Interestingly,  the  annealing  of  nitrogen  defects  in  PAN  has  no  obvious  influence 
on  the  resistivity  though  there  is  a  large  effect  on  magnetic  behavior.  Despite 
the  wide  p  range  that  is  obtainable,  one  milli  ohm-cm  (10  times  that  of  Ni chrome 
resistance  wire)  is  a  good  round-number  figure  for  practical  use:  Fibers  from 
PAN,  PM  and  R  (hot  stretched)  with  E~400  GPa  (58  Mpsi)  all  have  p  within  20%  of 
this  value.  For  carbonized  PAN  fibers  in  the  E  ~200  GPa  range,  p  is  2-3  milli- 
ohm-cm,  but  it  could  be  driven  much  higher  if  processing  temperatures  could  be 
dropped  well  below  1000  C  without  sacrificing  mechanical  properties. 

The  temperature  dependence  of  the  resistance  is  always  negative  for  fibers, 
but  its  development  with  HTT  is  very  interesting  [2,8,10,21,22].  We  have  measur¬ 
ed  it  both  by  the  temperature  coefficient  of  resistance,  TCR  =  dlnR/dT  over  the 
0  to  +50  C  range,  and  by  the  ratio  of  the  resistance  at  liquid  nitrogen  temperature 
to  that  at  0  C  as  shown  in  Fig.  6.  The  negative  temperature  dependence  decreases 
to  a  minimum  then  increases  toward  a  maximum  as  HTT  and  structural  perfection 
increase.  Resistance  ratio  data  for  a  wide  variety  of  bulk  carbon  materials  can 
be  extracted  from  the  literature  and  there  are  close  analogies  to  fiber  behavior: 

PM  fiber  is  similar  to  "soft"  coke  filler/pitch  binder  carbon  [23],  PAN  fiber  is 
like  a  "hard"  glassy  carbon  filler/resin  binder  carbon  [23],  and  R  and  P  fibers 
are  very  similar  to  glassy  carbons  [24].  The  temperature  dependence  of  hot- 
stretched  R,P  is  similar  to  that  of  PAN.  Ultimately,  the  temperature  dependence 
must  drop  and  reverse  sign  (at  least  for  highly  oriented  materials)  because  the 
parallel-to-layer  dependence  in  crystalline  graphite  is  positive.  This  does  not 


Fig.  6.  Resistance  ratio  as  a  function  of  heat  treatment  temperature. 

happen  for  any  of  the  fibers  studied  here,  but  does  occur  in  pyrocarbon  [25]. 

The  behavior  of  -TCR  is  similar  but  not  identical  to  that  of  the  resistance  ratio 
because  the  shape  of  the  R  vs  T  curve  depends  on  carbon  type  and  processing. 

For  carbon  fibers,  a  plot  of  -TCR  against  resistance  ratio  deviates  greatly 
from  linearity  in  the  direction  corresponding  to  positive  curvature  d^R/dK  at 
both  the  high  and  the  low-ends  of  the  structural  perfection  (HTT/graphitization) 
scale,  and  there  is  a  small  negative-curvature  deviation  over  much  of  the 
intermediate  range. 

The  temperature-dependence  curves  (Fig.  6)  have  similar  shapes  and  minima 
for  fibers  from  different  precursors,  but  the  response  to  HTT  is  "stretched  out" 
with  decreasing  graphitizability.  It  appears  that  a  single  universal  curve 
might  result  if  the  data  were  plotted  against  the  proper  structural  character¬ 
ization  parameter.  The  fiber  data  allow  convenient  comparison  of  the  temperature 
dependence  over  a  wide  range  of  structures,  but  the  observed  behavior  is  not 
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unique  to  fibers.  It  appears  to  be  common  to  all  stratic  carbon  materials, 
and  associated  primarily  with  layer  structure  development  rather  than  stacking 
order  or  orientation  texture,  although  this  does  not  appear  to  have  been  widely 
appreciated.  These  effects  are  not  yet  understood,  but  McClure  [26]  has  pro¬ 
posed  a  reasonable  phenomenological  description  based  on  positive  carrier  density 
and  negative  mobility  temperature  dependences  that  develop  in  different  ways  with 
increasing  HTT.  His  interpretation  and  our  observations  suggest  the  following 
general  relationships  with  structure:  The  initial  decrease  of  negative  dependence 
to  a  minimum  may  be  associated  with  the  annealing  of  point  defects  (including 
residual  H,H,  etc.)  that  can  act  as  shallow  carrier  traps.  The  subsequent  in¬ 
crease  toward  a  maximum  accompanies  increasing  layer  size/perfection  (character¬ 
istic  of  incipient  graphitization)  that  primarily  affects  scattering  processes. 

The  final  drop  and  sign  reversal  is  associated  with  a  combination  of  large  layer 
size/perfection  and  a  high  degree  of  preferred  orientation;  graphitization  may 
be  necessary  but  it  is  not  sufficient.  This  suggests  that  a  change  in  scattering 
processes  is  responsible  here  too.  The  resistance  temperature  dependence  is  a 
useful  empirical  structural  characterization  parameter  [21,22]  and  may  prove  to 
be  a  powerful  investigative  tool  when  better  understood. 

Very  little  is  known  about  the  tensile  piezoresistance  behavior  of  bulk 
carbon  materials,  but  this  property  can  be  measured  easily  on  fibers  [2,6,9,10, 
27,28]  and  some  interesting  characteristics  are  observed.  As  shown  by  the  repre¬ 
sentative  results  in  Fig.  7a  the  qualitative  pattern  of  behavior  is  remarkably 
similar  for  all  precursor  types  despite  the  differences  in  microstructures:  For 
most  fibers  (low  to  medium-high  E)  the  effect  is  positive  and  generally  approxi¬ 
mately  linear  with  strain  e.  The  slope  S  =  dlnR/de  lies  in  the  range  from  ^2. 5  ' 
to^l,  decreasing  with  increasing  HTT  and  structural  development.  However,  for 
sufficiently  high  orientation  texture  and/or  structural  perfection  (E£500  GPa 
for  hot-stretched  R;  HTT.i.2200  C  for  PM  and52700  C  for  PAH),  S  becomes  negative 
at  low  e,  but  tends  to  turn  positive  again  at  high  e.  This  transition  from  plus 
to  minus  behavior  is  rather  abrupt  as  a  function  of  HTT  (or  hot-stretching)  for 
particular  precursor  types,  and  as  a  function  of  p  for  all  fiber  types  as  shown 
in  Fig.  7b.  The  piezoresistence  is  reversible  in  both  the  plus  and  minus  regimes 
if  the  failure  strain  is  not  approached  too  closely.  At  liquid  nitrogen  temper¬ 
ature  the  response  is  modified  as  though  a  small  tensile  bias  strain  were  present 
(especially  for  well-oriented  fibers).  This  is  qualitatively  consistent  with  the 
expected  effects  of  the  small  negative  paral-lel-to-layer  and  large  positive  per- 
pendicular-to- layer  thermal  expansion  coefficients. 

These  results  suggest  that  the  piezoresistance  may  be  modeled  as  an  additive 
combination  of  a  positive  component  and  a  negative  component  that  saturates  at 
high  e.  With  the  assumptions  that  the  influence  on  effective  fiber  resistivity 
of  internal  contacts  between  substructure  units  can  be  represented  by  a  strain- 
dependent  coefficient  C(e),  and  that  the  c-axis  conductivity  of  the  "crystallites" 
is  negligible  compared  with  the  conductivity  parallel  to  the  layers,  it  can  be 
shown  by  logarithmic  differentiation  of  the  definition  of  wire  resistance  that  a 
number  of  different  positive  and  negative  effects  may  contribute: 

<5R/R  =  +(1  +  2v)e  geometrical  term  depending  on  Poisson's  ratio  v;  magni¬ 
tude  £2e  for  ideal  isotropic  materials  (v^0.5) 

±6C(c)/C(c)  effect  of  internal  contact  opening  (+)  or  closing  (-) 

-SRz/Rz  strain-induced  layer  orientation  increase;  R2=  sin2<}> 

where  <j>  is  the  angle  between  the  fiber  axis  z  and  the 
crystallite  c  axes 

+6y/p  carrier  mobility  increase  (-)  or  decrease  (+) 

(scattering  decrease  or  increase) 

carrier  density  decrease  {+)  or  increase  (-) 


+6n/n 


R(10)  /  PAN(IO) 


42 


1\ 

'\\ 


Z, 'PM( 10 ) 
'  // 

//'''mm) 

^^2V) 

^  PM (20) 


.R{HSV29) 

— t— 

0.2  0.4 

PAM  (27) 


|  \  (a) 

t  \  Piezoresistance 

\  .  behavior  ol  carbon 

i  '  fibers  at  0  C. 

x  \  (HTT,  100  C) 

\  \ 

PlU27)v 

\ 

PM (24) 


□  ISOTROPIC  TITCH 
O  PAYOR 

O  HOT-STRETCHED  RAYON 
VA  POLYACRYLONITRILE 
O  PITCH  MESOPHASE 


-20U-. 

0.2S 


RESISTIVITY,  c  (CPC),  1C*3  ohm-cr. 


Fig.  7.  a)  Fractional  resistance  change  with  tensile  strain.  Heat  treatment 
temperature  in  100  C  in  parentheses,  b)  Initial  slope  as  a  function  of 
fiber  resistivity. 

Evaluation  of  the  relative  importance  of  these  various  contributions  is  more  dif¬ 
ficult.  The  geometrical  effect  probably  dominates  the  positive  behavior  of  car¬ 
bonized  and  low  modulus  fibers,  but  it  must  be  augmented  by  other  positive  contri¬ 
butions  such  as  contact  opening,  carrier  density  decrease  or  scattering  increase. 
The  importance  of  internal  contact  effects  may  be  questioned  because  of  the  rela¬ 
tive  insensitivity  of  the  piezoresistance  behavior  to  microstructural  type; 
however,  they  are  probably  responsible  for  the  positive  up-turn  which  commonly 
precedes  failure.  Stress-induced  orientation  occurs  in  fibers  [29]  and  could 
contribute  a  saturable  structure-dependent  negative  component.  However,  both 
positive  geometrical  and  negative  layer  orientation  effects  would  be  expected  to 
diminish  in  importance  as  the  intrinsic  structural  anisotropy  increases:  When 
a-direction  conduction  is  strongly  preferred,  the  effective  conduction  path  should 
be  insensitive  to  layer  unwrinkling  and  the  accompanying  transverse  contraction 
and  axial  elongation  of  the  fiber  (considerable  axial  continuity  of  the  layers 
can  be  inferred  from  the  microstructures  and  high  mechanical  properties).  However, 
layer  straightening  should  decrease  scattering  (increase  effective  mobility)  and 
this  may  be  the  primary  origin  of  the  large  negative  piezoresistance  in  graphi- 
tized  PM.  The  piezoresistance  is  less  sensitive  to  fiber  type  than  anticipated 
at  the  initiation  of  this  investigation;  but  it  is  remarkably  sensitive  to  struc¬ 
tural  development  in  the  incipient-graphitization  range  where  the  sign  reverses. 
Further  studies  will  be  required  to  permit  confident  interpretation  of  the  piezo¬ 
resistance  behavior. 
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